Transmission electron microscopy methods were used to determine the impact of two different implantation processes on the morphology of platinum silicide layers constituting low Schottky barrier contacts intended as the source/drain in MOS transistors. These processes are very promising candidates for the reduction of the Schottky barrier height (SBH) of contacts and are realized by (i) implantation-through-metal (ITM) followed by dopant-segregation induced by silicidation annealing and (ii) implantation-through-silicide (ITS) followed by dopant-segregation due to the post-silicidation annealing. The studies showed that depending on the type and conditions of the process (ITM or ITS with various post-silicidation annealing temperatures) different morphologies of PtSi layers and PtSi/Si interfaces roughnesses are observed. Better quality silicide layers and silicide/silicon interfaces were found for samples after the ITS process with post-silicidation annealing at 500°C than for samples after the ITM process or the ITS process with post-silicidation annealing at temperatures not exceeding 400°C. The observed microstructure of grains and interfaces in these samples, along with the impact of the dopant-segregation, may significantly influence the SBH value. The diffraction patterns and EDXS measurements revealed that regardless of the process type, the formed silicide layer is always PtSi. 
Introduction
Platinum silicide (PtSi) is one of the most popular materials used for low Schottky barrier height (SBH) * E-mail: laszcz@ite.waw.pl as a source/drain electrode in Schottky p-MOSFETs (metal-oxide-semiconductor field effect transistors) [1] [2] [3] [4] [5] [6] . However, in order to position Schottky MOSFETs advantageously with respect to conventional MOSFET technology, the SBH in Schottky barrier MOSFETs should not exceed 0.1 eV [7] .
A significant reduction of the SBH can be realized by dopant-segregation at the silicide/silicon in-terface providing efficient modulation of the Schottky barrier height.
This method has been applied along with mid-gap silicides (whose barrier height is about half the silicon bandgap) e.g. NiSi [8] or CoSi 2 [9] .
Depending on the process, the low Schottky barrier is realized in one of three different ways: (i) metal deposition on Si wafers with a moderately doped substrate followed by silicidation annealing, (ii) implantation-through-metal (ITM) followed by dopant-segregation induced by silicidation annealing and (iii) implantation-through-silicide (ITS) followed by dopant-segregation due to post-silicidation annealing. This post-silicidation annealing activates dopants and reduces the number of structural defects introduced during the implantation.
Processing by the first technique (i), i.e. without additional implantation aimed at dopant-segregation, was analyzed and described for PtSi/Si structures in [10] . In the present paper the impact of ITM and ITS processes and post-silicidation annealing on the platinum silicide layers morphology has been examined using transmission electron microscopy (TEM) methods. Regarding the ITM and ITS processes, the detailed mechanisms of dopant-segregation at the metal/semiconductor interface may be different depending on the implantation technique and can have an influence on the microstructure of the source/drain regions. Because the electrical parameters of such regions can strongly depend on their microstructure studies of source/drain microstructure are important.
It is worth noting that regardless of the doping level of moderately doped substrates, no significant difference in the microstructure (thickness, grain size and interface roughness) of the silicide layers has been observed [10] . The microstructure of these PtSi layers depends only on the annealing temperature. Based on this conclusion, in the present studies only samples with one value of substrate doping were investigated.
Experimental
Platinum layers of 20 nm on p-type Si substrate (with a boron concentration of 5 × 10 15 cm −3 ) were deposited by e-gun evaporation and subsequently annealed by rapid-thermal-annealing (RTA) at 300°C for 2 min in order to form platinum silicide layers. Boron implantations into the platinum or platinum silicide layers were carried out in one of two ways, either by ITM (before silicidation at 300°C for 2 min) or by ITS (after silicidation at 300°C for 2 min) processes. The boron implantation dose for both ITM and ITS processes was 1 × 10 15 cm −2 at 20 keV. The additional post-silicidation annealing for the ITS process was carried out either at 400°C or 500°C for 5 min.
TEM specimens were prepared by the conventional cross-section method using a low-temperature argon ion milling process. Regardless of the process type the studies were focused on the three following kinds of examinations. The layer microstructure was observed by conventional TEM (with a JEM-200CX JEOL microscope). The JEM-2100 JEOL microscope was used for high resolution TEM (HRTEM) analyses of the PtSi/Si interfaces at atomic scale and also for identification of the formed silicide phases using diffraction techniques and energy dispersive X-ray spectroscopy (EDXS) in the scanning TEM (STEM) mode.
Results and discussion
TEM cross-sections of the platinum silicide after ITM and ITS processes are shown in Fig. 1 . Regardless of the process type, in each case the initial Pt layer (20 nm thick) has fully transformed into platinum silicide during the silicidation at 300°C. The thickness of the formed platinum silicide layer reached almost 40 nm, in accordance with the rule that the PtSi layer is about two times thicker than the initial Pt layer [11] . In the dominant part of the silicide layer the grains are big enough to form the silicide layer as a single layer of silicide grains placed side by side. However, the morphology of the platinum silicide layers is different in various cases and depends on the type of implantation process and post-silicidation annealing.
The grains in the silicide layer after ITM followed by silicidation process at 300°C are irregular, one smaller, another significantly larger, and all grains have very sharp shapes (Fig. 1a) . This influences the silicide/silicon interface, which is very rough after ITM and silicidation annealing. The roughness of this interface is shown in detail in HRTEM image (Fig. 2a) .
TEM image of the ITS sample, which was silicided at 300°C and subsequently implanted, is shown in Fig. 1b . The interface roughness in this sample is slightly lower than after the ITM process, also the uniformity of grain sizes is better. The top surface of the silicide layer in this sample is smooth, while in the ITM sample the top surface is also uneven.
The ITS sample after post-silicidation annealing at 400°C is shown in Fig. 1c . There is no modification of the silicide morphology of this ITS sample (Fig. 1c) in comparison with the ITS sample without this additional annealing (Fig. 1b) . The layer thickness, the grain shape and the interface roughness are comparable in both cases, although the temperature of post-silicidation annealing in this case (400°C) is significantly higher than the temperature of the silicidation process (300°C). This suggests that the post-silicidation heat treatment at 400°C has negligible influence on the morphology of platinum silicide that has already formed. However, different results are obtained for the ITS sample after post-silicidation annealing at 500°C, shown in Fig. 1d . The grains in this sample have more regular shapes than the grains after ITS and post-silicidation annealing at 400°C. Some of the grains almost appear as squares or rectangles in cross-section. This grain shape may indicate that the grains are textured. However, the texture arcs are not apparent in the diffraction pattern (Fig. 4c) . Indicating that the PtSi film has no preferential orientation. This is confirmed by the HRTEM image (Fig. 2b) , where each visible PtSi grain has a different orientation. Due to the regular shape of PtSi grains the roughness of the silicide/Si interface is much lower and its surface is only slightly undulated. The quality of this interface is shown in detail in HRTEM image (Fig. 2b) . Interesting conclusions can be drawn from the comparison of TEM imaged microstructure of ITM and ITS processed samples ( Fig. 1 ) and samples where platinum silicide layers were obtained without implantation processes (Fig. 3) . The silicidation processes in the latter samples, which are used for the comparison, were carried out at 300°C and 500°C. The substrate doping of these samples (1 5 × 10 16 or 5 × 10 17 cm −3 ) is different to that of the implanted samples, however previous TEM studies showed that silicide microstructure is independent of doping levels [10] . The comparison of microstructures revealed that in ITS samples without (Fig. 1b) or with post-silicidation annealing, but at temperatures not exceeding 400°C (Fig. 1c) , the morphology of the silicide layer and the quality of the silicide/Si interface is similar to samples silicided at 300°C, but without any implantation processing (Figs. 3a  and 3c ). This is in contrast to samples after ITS with post-silicidation annealing at 500°C (Fig. 1d) and to samples silicided directly at 500°C (Figs. 3b and 3d) . Observations have revealed that a platinum silicide layer formed directly at 500°C (Fig. 3b and 3d) consists of large elongated grains with rounded shapes at the bottom grain-boundaries. This causes a significant undulation of the silicide/Si interface. However, the grains in the sample after ITS and post-silicidation annealing at 500°C have more regular shapes, therefore the silicide/Si interface is only slightly undulated (Fig. 1d) . Energy dispersive X-ray spectroscopy (EDXS) was used for determination of the composition of the silicide phase formed in the samples after ITM and ITS processing with heat treatment carried out only at 300°C, and for the sample after ITS processing with additional post-silicidation annealing at 500°C. The measurements were performed at five different points of the silicide layer for each sample. For these cases the EDXS results revealed that the stoichiometry for PtSi is almost 50:50. Diffraction analysis was carried out for the samples silicided at 300°C and ITS processed, and ITS processed samples with additional post-silicidation annealing at 400°C and 500°C (Fig. 4) . This analysis confirmed that only the PtSi orthorhombic phase is formed in these samples [12] . These results are comparable with the results obtained for PtSi layers reported in [13] . One can conclude that regardless of whether the process consists of: (i) ITM and silicidation, or (ii) silicidation, ITS and various post-silicidation annealings, the composition of the silicide (PtSi) formed in the studied samples is unchanged. The SBH value of the PtSi/Si barrier for the sample after the ITM process and annealing at 300°C is equal to 0.13 eV [14] . A similar result (0.12 eV) was obtained for the sample after the ITS process and post-silicidation annealing at 400°C. However, for the sample after the ITS process and post-silicidation annealing at 500°C, the SBH of the PtSi/Si contact is significantly lower and exhibits a value of 0.082 eV [14] . This confirms that differences in SBH between samples after different processing (ITM or ITS with various post-silicidation annealings), strongly correlate with the observed quality of the microstructure and the PtSi/Si interface (Fig. 1a, 1c and 1d) . Results of electrical measurements performed on similar specimens, which were presented in [14] , proved that the ITS segregation scheme provides the lowest barrier (< 82 meV) at 500°C and above. However, the lowest annealing temperature (i.e. 500°C in this case) was preferred when several different temperatures result in the same barrier height. Therefore, the comparison of microstructure of samples after ITS processes with dopant-segregation annealing up to 500°C was studied in the present paper.
Conclusion
Transmission electron microscopy methods were used to determine the impact of ITM and ITS processes and of post-silicidation annealing on the platinum silicide layer morphology. TEM study showed that differences in the morphology of PtSi layers and in the interface roughness are observed, depending on the type and conditions of the process. These differences may have an influence on the Schottky barrier height of the PtSi/Si contact. However, there is no modification of the silicide morphology for samples after ITS without or with additional post-silicidation annealing, at temperatures not exceeding 400°C. Only the sample after ITS with additional post-silicidation annealing at 500°C, which can be considered as a final dopant-segregation annealing (that results in significant SBH lowering), showed a different microstructure of the silicide layer with a better quality of interface (more uniform and even). Therefore, it may be concluded that the observed microstructure of grains and interface in these various samples, along with the impact of the dopant-segregation, may significantly influence the value of SBH. In contrast, the diffraction patterns and EDXS measurements revealed that regardless of the process type, the formed silicide layer is always the platinum silicide phase with PtSi stoichiometry.
